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SUMMARY 


Exposure  of  an  electronic  system  to  a  high  level  exoatmospheric 
x-ray  environment  results  in  a  simultaneous  ionizing  radiation  and 
conducted  current  transient  environment  for  some  critical  semicon¬ 
ductor  pieceparts.  Potentially  harmful  effects  due  to  this  combined 
environment  have  been  investigated  by  previous  experimental  programs 
insofar  as  they  pertain  to  individual  pieceparts.  The  particular 
problem  of  concern  for  this  program  was  investigation  of  combined 
environment  effects  on  typical  terminal  protection  devices  that  are 
incorporated  into  hardened  designs  to  protect  susceptible  cable 
interface  circuits. 

One  of  the  reasons  for  the  paucity  of  combined  environment  data 
is  the  difficulty  of  providing  a  short  current  pulse  in  proper 
synchronization  with  a  typical  simulator  prompt  ionizing  radiation 
pulse.  This  is  an  especially  acute  problem  for  the  high  current 
pulse  amplitudes  required  to  test  terminal  protection  devices  to 
expected  failure  levels. 

The  first  of  two  program  objectives  was  to  select  a  technique  and 
develop  hardware  to  generate  high-amplitude  current  pulses  in  near¬ 
coincidence  with  an  ionizing  radiation  pulse.  A  multiple  channel 
capability  with  each  output  up  to  100A  was  desired  in  view  of  the 
anticipated  test  requirements.  The  second  objective  of  this  program 
was  to  conduct  an  experimental  program  to  evaluate  the  effectiveness 
of  terminal  protection  devices  for  conducted  current  only  and  in  a 
combined  environment.  An  essential  requirement  of  the  test  effort 
was  to  include  a  statistically  significant  number  of  test  samples. 

A  pulser  design  comprised  of  a  charged  coaxial  line  and  a 
radiation-triggered  SCR  switch  was  selected.  This  design  was  assem¬ 
bled  into  a  4-channel  configuration;  it  provided  up  to  100A  on  each 
channel,  or  a  peak  amplitude  of  approximately  400A  via  appropriate 
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summing  of  individual  outputs.  A  similar  charged-line  design  but 
with  a  conventional  spark  gap  switch  was  used  for  the  laboratory 
testing  without  simultaneous  ionizing  radiation. 

A  simple  terminal  protection  network  in  conjunction  with  a  basic 
TTL  integrated  circuit  was  selected  as  the  test  article.  Eighty 
units  in  eight  different  test  arrangements  were  subjected  to  current 
step-stress  testing  in  KSC  laboratory  facilities,  and  ninety-six 
units  in  the  same  eight  test  arrangements  were  subjected  to  combined 
environment  testing.  The  combined  environment  tests  were  conducted 
at  DNA's  Blackjack  3  facility  which  provided  a  prompt  dose  of  about 
3500  rads(Si)  in  the  test  circuits,  and  about  750  rads(Si)  in  the 
radiation-triggered  pulser. 

For  test  integrated  circuits  without  terminal  protection  devices 
in  place,  the  results  indicate  that  current  and  power  failure  thres¬ 
holds  are  slightly  higher  for  a  combined  environment  than  for  con¬ 
ducted  current  only.  The  results  also  show  a  very  close  grouping  of 
failure  thresholds  which  is  probably  due  to  purchase  of  test 
integrated  circuits  with  the  same  manuf actuer ' s  date  code. 

Test  results  for  configurations  with  terminal  protection  devices 
are  somewhat  incomplete  because  of  the  inability  to  induce  a  large 
number  of  failures.  For  the  one  configuration  (negative  polarity 
test  pulses  on  the  integrated  circuit  input  terminal)  where  a  few 
failures  were  observed,  test  results  indicate  that  terminal  protec¬ 
tion  devices  are  more  effective  (by  a  current  margin  of  7  dB  or 
more)  in  a  combined  environment. 

Based  on  the  data  developed  from  this  program,  it  cannot  be 
definitively  concluded  that  terminal  protection  devices  are  more 
effective  in  a  combined  environment  than  for  conducted  current  only. 
However,  there  are  no  data  to  indicate  unexpected  responses  or 
interactions  or  otherwise  suggest  that  terminal  protection  devices 
are  less  effective  in  a  combined  environment. 
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With  respect  to  the  experimental  procedure,  it  is  concluded 
that  the  radiation-triggered  charge-line  pulser  is  a  viable  design 
approach. 

The  necessity  for  and  precise  direction  of  future  combined 
environment  test  work  is  not  well-defined.  It  is  clear,  however, 
that  test  circuit  parasitics  are  important  and  perhaps  dominant 
contributors  to  observed  responses.  Therefore,  test  programs 
directed  towards  specific  system  questions  should  be  conducted  with 
test  articles  very  similar  to  final  hardware  configurations. 
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COMBINED  ENVIRONMENT  TESTING  OF  TERMINAL  PROTECTION 
DEVICES  CONJOINED  WITH  BASIC  INTEGRATED  CIRCUITS 


SECTION  1.0 
INTRODUCTION 


1.1  BACKGROUND  AND  OBJECTIVES 

Military  satellite  and  missile  systems  are  required  to  withstand 
exposure  to  high  level  exoatmospheric  x-ray  environments  without 
incurring  permanent  functional  degradation.  X-ray  interactions  with 
system  cables  and  other  structures  induce  current  transients  which 
are  conducted  into  semiconductor  devices  via  cables  which  interface 
various  electronic  subsystems.  In  near-coincidence  with  generation 
of  these  conducted  transients,  the  x-rays  ionize  the  semiconductor 
pieceparts.  This  combination  of  conducted  current  transient  and 
simultaneous  ionizing  radiation  is  commonly  referred  to  in  this  report 
and  throughout  the  technical  literature  as  the  "combined  environment". 

Under  certain  conditions,  the  conducted  transients  can  be  of  suffi¬ 
cient  magnitude  so  as  to  permanently  damage  semiconductor  pieceparts 
connected  to  termination  points  of  interconnecting  cables.  The  most 
common  approach  to  hardening  against  conducted  transients  is  to 
employ  terminal  protection  devices  (TPDs)  near  cable  terminations  to 
prevent  damage  to  susceptible  semiconductor  pieceparts.  Large  area 
Zener  or  avalanche  diodes  especially  designed  for  very  high  surge 
current  operation  are  the  most  common  type  of  TPD.  These  devices  are 
typically  used  in  a  configuration  which  shunts  most  of  the  current 
transient  to  ground  and  limits  the  terminal  voltage  to  a  value  near 
the  breakdown  voltage  rating  of  the  TPD.  Given  the  failure  para¬ 
meters  of  a  sensitive  piecepart  and  the  surge  current  characteristics 
of  various  types  of  TPDs,  a  designer  can  configure  a  specific  design 
to  achieve  a  certain  margin  relative  to  a  specified  terminal  threat. 
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A  potentially  significant  weakness  inherent  to  this  design  approach 
is  that  piecepart  failure  parameters  and  TPD  surge  current  character¬ 
istics  are  usually  based  on  laboratory  tests  performed  without  the 
simultaneous  ionizing  radiation  environment  that  is  characteristic 
of  the  actual  threat.  It  is  possible  that  ionizing  radiation  could 
affect  the  piecepart  failure  parameters,  the  characteristics  of  the 
TPD,  or  the  current  distribution  between  the  two  devices  in  a  manner 
that  would  result  in  a  design  margin  considerably  less  than  expected. 

The  objectives  of  this  test  and  data  analysis  program  were  to 
develop  a  suitable  experimental  procedure  and  to  evaluate  the  effec¬ 
tiveness  of  TPDs  in  a  combined  transient  current  and  ionizing  radia¬ 
tion  environment.  An  effectiveness  criterion  of  specific  interest  is 
the  design  margin  for  an  actual  combined  environment  in  comparison  to 
the  design  margin  based  on  test  data  and  other  design  considerations 
for  conducted  current  alone. 

1.2  SCOPE  OF  REPORT 

Section  2  of  this  report  is  a  more  detailed  description  of  the 
technical  problem  of  particular  interest  for  this  program.  This 
discussion  provides  further  problem  background  information  and 
establishes  the  framework  for  the  experimental  approach,  laboratory 
tests  and  combined  environment  tests  described  in  Sections  3,  4  and 
5,  respectively.  Tabulated  raw  data  and  results  of  limited  statis¬ 
tical  analyses  are  presented  in  Section  6.  Conclusions  from  this 
program  and  recommendations  for  future  work  of  a  similar  nature  are 
given  in  Section  7. 
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SECTION  2.0 


TECHNICAL  DISCUSSION 


2.1  COMBINED  ENVIRONMENT  EFFECTS 

The  combined  environment  problem  addressed  by  this  program  can 
best  be  understood  from  a  brief  review  of  the  important  elements  and 
design  considerations  for  a  simple  hardened  cable  termination. 

Figure  1  is  a  block  diagram  of  such  a  termination;  this  diagram 
depicts  the  conducted  current  threat,  Ic,  injected  into  a  hardened 
termination  comprised  essentially  of  a  rugged  TPD  network,  one  or 
more  pieceparts  (usually  semiconductors)  typically  susceptible  to 
burnout  at  a  comparatively  low  current  level  (1  to  5A),  and  parasitic 
impedances  and  Z2>  The  normal  design  approach  is  to  use  an 
established  piecupart  failure  model  of  the  form 

PF  -  kt_J*  (1) 

and  calculate  Ip  from  the  quadratic  equation 


and  V  from  the  simple  expression 

r 

VF  *  V*F 

where  P„  is  failure  power  for  a  rectangular  pulse, 

r 

t  is  width  of  rectangular  pulse  equivalent  of  actual 
threat  waveform, 

k  is  a  piecepart  failure  constant  obtained  from  test 
data  or  derived  from  estimation  algorithms, 


r 


BD 


is  breakdown  voltage  of  most  sensitive  junction 
within  the  piecepart, 


*s  is  junction  surge  resistance. 


h  v 


*'  VBD'  Rs 


VDB<  RS 


Figure  1.  Block  diagram  of  hardened  termination. 

Based  on  these  calculated  values  of  I  and  V  and  the  interface 

r  r 

functional  requirements,  a  designer  must  configure  a  TPD  network  such 
that  the  terminal  power  or  current,  PTF  or  ITF,  required  to  cause 
piecepart  failure  is  well  above  the  terminal  threat.  At  the  same 
time,  he  must  assure  that  the  TPD  itself  can  withstand  a  worse  case 
terminal  threat.  The  degree  of  success  achieved  by  this  effort  is 
usually  expressed  as  a  design  margin,  DM,  which  is  defined  by  * 

DM  =  20  log  j — — —  (4) 

iThreat 


*  For  the  purposes  of  this  report,  DM  is  defined  in  terms  of  current 
{rather  than  power)  because  of  the  impracticality  of  calculating 
terminal  power  for  test  configurations  wherein  the  def ined-terminal 
voltage  is  limited  to  a  low  value. 
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For  the  most  part,  the  design  approach  outlined  above  has  been 
undertaken  with  only  minimal  consideration  for  possible  effects  due 
to  simultaneous  ionizing  radiation.  In  general  there  are  two  trpes 
of  effects  which  could  cause  the  design  margin  to  be  less  than 
expected.  First  of  all,  ionizing  radiation  could  cause  a  decrease 
in  the  piecepart  or  TPD  failure  threshold  which  clearly  would  lower 
the  design  margin.  A  second,  more  subtle,  effect  is  that  ionizing 
radiation  could  cause  other  semiconductor  parameters  to  change  in 
such  a  way  as  to  result  in  a  d if ferent-f rom-expected  current  distri¬ 
bution  between  the  susceptible  piecepart  and  TPD. 

The  possibility  of  a  reduced  piecepart  burnout  failure  threshold 
due  to  the  pr^  ’nee  of  ionizing  radiation  simultaneously  with  a  con¬ 
ducted  transient  is  the  problem  area  that  has  historically  been 
referred  to  as  the  synergistic  effects  problem.  Several  experimental 
programs  have  been  carried  out  to  examine  synergistic  effects  in 
discrete  pieceparts 7  3  4  The  consensus  from  these  efforts  is  that  an 
ionizing  radiation  environment  does  not  cause  a  significant  change  in 
pulse  burnout  failure  thresholds.  This  conclusion  supports  intuitive 
arguments  which  postulate  that  ionizing  radiation  could  increase 
tolerance  to  pulse  current  by  preventing  or  relieving  current  con¬ 
striction  sites  which  lead  to  burnout. 

Reference  5  reports  on  an  experimental  program  designed  to  inves¬ 
tigate  synergistic  effects  at  the  circuit  level.  The  thesis  under¬ 
lying  that  work  was  that  ionizing  radiation  could  result  in  current 
paths  and  associated  damage  modes  different  from  those  encountered 
from  pulse  testing  in  the  absence  of  a  radiation  environment. 

Although  the  experiment  design  allowed  for  current  distribution  among 
multiple  paths,  it  did  not  include  a  TPD  as  one  of  the  alternative 
current  paths.  The  report  concluded  that  circuit  failure  thresholds 
(for  the  combined  environment)  appear  to  be  no  lower  than  those  for 
laboratory  tests  with  injected  current  pulses  only;  this  overall 
conclusion  is  somewhat  indefinite  because  of  the  limited  scope  of  the 
effort  and  difficulty  of  the  experimental  problem. 
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2.2  EXPERIMENTAL  PHILOSOPHY 


This  program  was  undertaken  to  expand  the  combined  environment 
data  base  by  testing  a  statistically  significant  number  of  samples 
of  several  representative  types  of  cable  termination  circuit.  In  an 
experimental  program  where  the  test  articles  and  test  variables  are 
not  well-defined,  somewhat  subjective  decisions  must  be  made  in 
regard  to  what  constitutes  a  meaningful  but  manageable  effort  within 
program  time  and  funding  constraints.  The  following  paragraphs 
summarize  the  major  elements  of  this  experimental  program. 

2.2.1  Circuit  Conf igurations 

Figure  2  shows  the  test  configurations  which  were  selected  for 
evaluation.  The  54L04  inverter  circuit  is  the  simplest  integrated 
circuit  (IC)  that  might  be  used  in  a  line  driver  or  line  receiver 
application;  however,  it  is  representative  of  the  very  broad  class 
of  TTL  logic  that  employs  a  TTL  input  and  totem  pole  output.  The 
terminal  protection  network  consists  of  Zener  diode  CRl  and  resistor 
Rl;  this  is  one  of  the  simplest  forms  of  terminal  protection  and  is 
based  on  uesign  guidelines  given  in  Reference  6. 

Each  of  the  four  configurations  was  subjected  to  laboratory* 
tests  and  combined  environment  tests  with  both  positive  and  negative 
polarity  100  ns  pulses.  Testing  was  initiated  at  a  pulse  amplitude 
below  the  expected  burnout  threshold  and  increased  in  a  step-wise 
manner  (a  factor  of  2  or  3  each  step)  until  all  samples  were  failed 
or  until  the  upper  limit  of  the  pulser  was  reached. 


*  The  term  "laboratory  tests"  is  used  to  distinguish  the  baseline 
pulse  tests  from  the  combined  environment  tests. 
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INSTRUMENTATION/TEST  CIRCUIT  INTERFACE 


Conf.  1 
TTL  Input 


Conf.  2 
TTL  Input 
with  TPD 


Conf.  3 
TTL  Output 


Conf.  4 
TTL  Output 
with  TPD 


Figure  2.  Test  configurations  for  combined  environment  testing. 
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2.2.2  Data  Requirements 


As  noted  previously,  the  overall  program  objective  was  to  evaluate 
the  effectiveness  of  TPDs  in  a  combined  environment.  This  requires 
data  for  four  part  sets*  for  each  test  configuration  in  order  to  make 
the  following  determinations: 

(a)  Piecepart  failure  threshold,  Pp  or  Ip,  for  laboratory  tests. 

(b)  Piecepart  failure  threshold  for  combined  environment  tests. 

(c)  Terminal  power  or  current,  P  or  required  to  cause 

piecepart  failure  for  laboratory  tests  with  TPD  in  place. 

(d)  Terminal  power  or  current  required  to  cause  piecepart  fail¬ 
ure  for  combined  environment  tests  with  TPD  in  place. 

Given  the  data  base  indicated  above,  there  are  several  ways  to  evalu¬ 
ate  TPD  effectiveness.  The  criterion  of  most  interest  is  actual 
design  margin  in  the  .combined  environment  [based  on  results  from  (a) 
and  (d)  tests]  relative  to  the  design  margin  expected  from  laboratory 
test  data  [based  on  results  from  (a)  and  (c)  tests].  The  operable 
definition  of  design  margin  is 

DM  =  20  log  j — — —  ,  (5) 

iThreat 

or  in  terms  of  combined  environment  versus  laboratory, 

ITF(>  *>) 

DM ( 7  /  0)  -  DM (7=  0)  =  20  log  ~  .  (6) 

TF ' '  1 

The  purpose  of  data  sets  (a)  and  { b )  is  to  provide  a  basis  to  deter¬ 
mine  if  observed  differences  in  design  margin  are  attributable  to 
ionization-induced  variations  in  piecepart  failure  thresholds  or 
current  redistribution  due  to  ionization. 


*  Positive  and  negative  polarity  test  pulses  for  both  laboratory  and 
combined  environment  tests. 


16 


It  is  well-known  that  burnout  thresholds  are  subject  to  wide 
statistical  variation.  To  minimize  uncertainty  due  to  this  type  of 
part-to-part  variation,  a  sample  size  of  either  10  or  12  was  used  for 
each  of  the  16  part  sets.  In  addition,  all  parts  were  from  the  same 
production  date  code. 

2.2.3  Current  and  Radiation  Level  Requirements 

A  considerable  amount  of  pulse  test  data  has  been  published7  for 
discrete  semiconductor  nieceparts  and  integrated  circuits.  This 
requires  a  test  capability  of  1-10A  which  is  relatively  easy  to 
achieve.  However,  it  was  recognized  early  in  the  program  that  test 
circuits  configured  with  TPDs  might  survive  very  high  pulse  levels, 
and  that  testing  to  failure  would  be  a  formidable  task.  The  goal  was 
to  provide  a  100A  test  capability  (compatible  with  other  experimental 
requirements)  for  both  the  laboratory  and  combined  environment  tests, 
and  test  to  failure  or  pulser  limit  whichever  occurred  first. 

There  is  no  firm  radiation  level  requirement  for  this  type  of 
combined  environment  testing.  Different  systems  will  have  different 
prompt  dose  requirements  depending  on  threat  and  x-ray  shielding  of 
TPDs  and  pieceparts.  Moreover,  there  is  no  assurance  that  the 
maximum  system  dose  will  be  the  worse  case  for  the  effects  of 
interest.  There  is,  of  course,  a  minimum  prompt  dose  requirement  on 
the  order  of  several  kilorads(Si)  to  assure  complete  ionization  of 
the  TPD  and/or  piecepart  under  test. 


SECTION  3.0 


EXPERIMENTAL  PROCEDURE 


3.1  LABORATORY  PULSERS 

Laboratory  pulse  tests  were  performed  with  two  different  pulsers. 

A  Paravan  Model  1500  was  used  for  those  test  configurations  which  did 
not  include  a  TPD.  The  Model  1500  is  a  charged-line  pulser  employing 
a  mercury-wetted  reed  relay  switch.  It  provides  a  variable  width 
(depending  on  length  of  charge  line)  positive  or  negative  pulse  up  to 
20A  into  a  50-ohm  load;  rise  and  fall  times  are  typically  less  than 
1  ns . 

For  those  test  configurations  which  did  include  a  TPD,  a  much 
higher  amplitude  pulse  capability  was  required.  A  chatged-l ine  pulser 
employing  a  hermetically  sealed  triggered  spark  gap  (EG&G  Model  GP-20B) 
was  designed  and  fabricated  in  the  Kaman  laboratory.  This  pulser  pro¬ 
vides  a  positive  or  negative  pulse  up  to  100A  into  a  50-ohm  load; 
pulse  width  is  fixed  at  100  ns  and  rise  and  fall  times  are  10-15  ns 
depending  somewhat  on  pulse  amplitude.  This  design  approach  can  be 
extended  to  provide  a  much  higher  pulse  amplitude  but  care  must  be 
taken  to  guard  against  voltage  breakdown  of  pulse  transmission  cables 
and  other  marginal  insulation  paths. 

3.2  COMBINED  ENVIRONMENT  PULSER 

Theoretical  considerations  and  previous  experimental  work  indicate 
that  circuit-level  combined  environment  effects  are  likely  to  be  most 
significant  if  the  semiconductors  are  ionized  before  the  arrival  of 
the  conducted  current  pulse.  It  is  argued  that  this  scenario  repre¬ 
sents  worse  case  since  it  allows  for  the  possibility  of  a  current 
distribution  most  different  from  that  due  to  a  conducted  current  pulse 
only.  The  significance  of  this  concept  from  an  experimental  viewpoint 


is  that  the  leading  edge  of  the  ionizing  radiation  pulse  should  pre¬ 
cede  the  leading  edge  of  the  injected  current  pulse  by  10  to  20  ns. 

This  synchronization  requirement  and  the  pulse  amplitude  requirement 
are  driving  factors  in  the  selection  of  a  suitable  pulsing  technique. 

Compton  diode,  coaxial  cable  SGEMP  effects,  charged  coaxial  cable 
with  a  radiation-triggered  spark  gap  switch,  flash  x-ray  machine  and 
pulser  synchronization  from  a  common  trigger,  and  charged  coaxial  cable 
with  a  radiation-triggered  SCR  switch  are  some  of  the  pulsing  tech¬ 
niques  which  were  considered.  Reference  5  and  this  program  concluded 
that  a  charged  line  with  a  radiation-trigger  SCR  switch  was  the  best 
approach  to  satisfy  the  current  pulse  amplitude  and  synchronization 
requirements  most  reliably.  The  design  developed  and  used  for  this 
program  is  shown  in  Figure  3.  It  provides  four  separate  100  ns  out¬ 
put  pulses  with  an  amplitude  range  from  5  to  100A.  Radiation  testing 
and  analysis  experience  suggests  that  the  SCR  switches  should  be 
uniformly  irradiated  to  about  1  krad(Si)  to  effect  the  very  fast 
switching  necessary  to  generate  the  output  current  pulses  within  10 
to  20  ns  from  the  leading  edge  of  the  ionizing  radiation  pulse.  Note 
that  this  required  performance  is  much  faster  than  the  normal  gate- 
controlled  turn-on  time  which  is  specified  as  1-3  ms  for  the  2N6399 
type  SCR.  Either  polarity  output  pulses  can  be  obtained  by  appropri¬ 
ate  orientation  of  the  SCR  stacks  and  selection  of  charging  supply 
polarity. 

Figures  4  and  5  are  photographs  of  the  SCR  stacks  (including 
grading  resistors)  and  overall  pulser  assembly,  respectively.  Typical 
pulser  performance  in  the  Blackjack  3  test  series  (described  in  detail 
in  Section  5)  is  illustrated  in  Figure  6;  the  upper  trace  in  each 
photograph  shows  the  radiation  pulse  and  the  lower  trace  shows  the 
current  pulse  input  into  one  of  the  four  test  terminals.  It  is  to 
be  noted  that  approximately  50  percent  of  the  prompt  dose  has  been 
deposited  (in  the  test  piecepart  and  TPD)  by  the  time  the  current 
pulse  has  increased  to  near  its  peak  value. 
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Test  Shot  3785 


Test  Shot  3788 


Upper  Trace 


S 

S 


V 

H 


Lower  Trace: 


Pin  Current 
0.4  A/div 
20  ns/div 

Terminal  1  Current 
50  A/div 
20  ns/div 


Remarks  : 

V  u  . .  -  10  kV 

Charge  lines 


Figure  6.  Typical  performance  of  radiation-triggered  pulser. 
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One  final  aspect  of  the  pulser  design  and  assembly  should  be  dis¬ 
cussed.  Some  of  the  initial  program  planning  had  indicated  that  it 
might  be  necessary  to  delay  the  current  pulses  relative  to  the  radia¬ 
tion  pulse.  This  consideration  influenced  the  pulser  to  be  designed 
as  a  50-ohm  source  and  packaged  in  a  separate  enclosure  such  that 
delay  cables  could  be  inserted  between  the  pulser  and  test  devices. 
Although  this  capability  was  not  used  in  the  Blackjack  3  test  series, 
it  appears  to  be  a  generally  useful  design  feature. 

3.3  TEST  INSTRUMENTATION 

In  general,  test  data  must  be  sufficient  to  determine  the  occur¬ 
rence  of  permanent  functional  degradation  of  any  piecepart  in  the 
circuit  under  test  and  also,  permit  a  reliable  estimation  of  failure 
current  or  failure  power.  Figure  7  shows  the  basic  sensing  instru¬ 
mentation  used  for  both  laboratory  and  combined  environment  tests. 
Included  in  this  figure  (identified  by  dashed  lines)  is  a  modified 
configuration  used  during  the  latter  part  of  the  Blackjack  3  test 
series.  For  the  test  configurations  which  did  not  include  a  TPD, 
resistor  R1  was  shorted  and  diode  CR1  was  removed.  Figure  8  consists 
of  photographs  of  the  test  package  showing  the  overall  enclosure, 
layout  of  four  test  circuits  with  current  probes,  and  relatively 
close  spacing  of  four  test  ICs. 

The  purpose  of  the  basic  instrumentation  was  to  acquire  terminal 
current  and  voltage  data  to  enable  calculation  of  power  delivered  into 
the  terminal  (clearly,  with  no  TPD  in  place,  terminal  power  is  equiva¬ 
lent  to  power  into  the  piecepart  under  test).  Also,  based  on  previous 
test  experience  and  reported  results  from  other  burnout  testing  pro¬ 
grams,  it  was  initially  believed  that  transient  current  and  voltage 
data  would  indicate  the  precise  time  of  failure  (by  a  distinct  dis¬ 
continuity  in  current  and/or  voltage  waveforms).  In  practice,  neither 
the  laboratory  nor  combined  environment  transient  data  manifested  a 
reliable  indication  of  failure  time.  Apparently,  this  is  because 
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igure  7.  Schematic  diagram  of  basic  and  modified  test  instrumentation 


Layout  of  Test 
Circuits  and 
Current  Probes 


i 


ICs  in  Test 
Position  Near 
Enclosure 
Window 


integrated  circuit  burnout  involves  multiple  low-voltage  junctions  and 
current  paths  unlike  a  discrete  piecepart  which  encompasses  only  one 
junction  and  one  surge  resistance  term. 


The  absence  of  a  dependable  time-of-f ailure  indicator  has  two 
implications  from  an  experimental  viewpoint;  first,  it  means  that  the 
amplitude  increments  in  the  step-stress  pulse  sequence  must  be  rela¬ 
tively  small  to  obtain  a  fair  degree  of  resolution  in  failure  power 
or  current;  and  second,  it  means  that  test  ICs  must  be  electrically 
characterized  after  each  test  pulse  to  determine  the  occurrence  of 
functional  degradation.  Table  1  indicates  the  scope  of  data  taken 
on  each  integrated  circuit  and  TPD  tested.  A  Beckman  Model  999  por¬ 
table  integrated  circuit  tester  and  a  Tektronix  Model  575  curve 
tracer  were  used  to  make  the  measurements. 

Table  1 

Scope  of  electrical  characterization  measurements 


for  integrated  circuits 

PARAMETER 

and  TPDs 

TEST 

• 

CONDITION 

High-level  output  voltage,  VqR 

VIL 

= 

0.7V 

I0H 

= 

0.2  mA 

Low-level  output  voltage,  V^L 

VIH 

= 

2.0  V 

X0L 

= 

2.0  mA 

High-level  input  current,  IjH 

VIH 

= 

5.0  V 

vcc 

= 

5.0  V 

Low-level  input  current,  IJL 

VIL 

= 

Ground 

Reverse  breakdown  voltage,  VR^ 

XR 

= 

1  mA 

Reverse  breakdown  voltage,  VR2 

XR 

= 

50  mA 

SECTION  4.0 

LABORATORY  TEST  RESULTS 


4.1  EXAMPLES  OF  DATA 

Figures  9  and  10  are  examples  of  typical  laboratory  data  for  posi 
tive  test  pulses  applied  to  IC  input  terminals  (refer  to  Figure  2  for 
details  of  test  configurations).  These  data  were  recorded  with  a 
Tektronix  Model  7844  oscilloscope  equipped  with  a  Model  C-52  camera. 
Table  2  is  a  compilation  of  the  electrical  characterization  data  for 
the  same  two  test  units  (SN  20  and  SN  23)  considered  in  Figures  9  and 
10.  Several  features  should  be  noted  because  of  their  importance  to 
conduct  of  the  experimental  program  and  interpretation  of  test  results 

(1)  All  of  the  voltage  waveform  data  show  an  inductive  response 
at  the  pulse  leading  and  trailing  edges.  This  is  due  to 
parasitic  inductance  inherent  to  the  test  circuits;  it  is 
extremely  difficult  to  achieve  a  transmission  line  test 
configuration  and  still  provide  for  ready  access  and  removal 
of  test  pieceparts  for  periodic  electrical  characterization. 
The  inductive  response  is  disquieting  but  probably  not  an 
important  factor  for  this  test  program  in  view  of  the 
relatively  wide  current  pulse.  Approximate  pulse  power  or 
energy  can  be  calculated  by  simply  neglecting  the  inductive 
component  of  the  overall  response. 

(2)  Using  known  or  measured  values  of  pulser  charge  voltage, 
pulser  source  impedance  (50  ohms),  test  circuit  input 
impedance  (also  about  50  ohms),  and  terminal  voltage, 
terminal  current  can  be  calculated  with  a  reasonable 
degree  of  accuracy.  This  is  significant  in  that  it  means 
that  useful  data  can  be  obtained  from  a  single  transient 
measurement. 
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se  test  without  TPD 


(3)  The  electrical  characterization  data  presented  in  Table  2 
clearly  indicate  that  the  unit  under  test  experienced  per¬ 
manent  damage  due  to  test  pulse  number  004210.  Observed 
changes  in  V^H  and  V^L  are  much  greater  than  measurement 
uncertainties . 

(4)  The  two  photographs  included  in  Figure  9  bracket  the  true 
pulse  failure  threshold  for  integrated  circuit  SN  23. 
However,  there  is  no  clear  indication  in  the  lower  set  of 
transient  data  that  failure  has  occurred.  Consequently, 
the  electrical  characterization  data  must  be  relied  on  to 
provide  positive  indication  of  functional  degradation. 

An  additional  example  of  electrical  characterization  data  is 
presented  in  Table  3.  These  data  are  for  negative  pulse  testing  of 
an  IC  input  terminal  protected  by  a  TPD  (configuration  2).  The 
decisive  point  is  the  small  but  significant  change  in  ITr  at  the 
120A  pulse  level;  this  is  hypothesized  to  be  a  positive  indicator 
of  the  permanent  damage  threshold  for  this  unit.  The  hypothesis 
is  reinforced  by  the  more  apparent  change  in  IIL  at  a  subsequent 
lower  level  current  pulse.  Figure  11  shows  the  transient  data  for 
the  120A  and  100A  test  pulses  of  special  interest.  These  data  were 
taken  with  the  modified  instrumentation  configuration  shown  in  Figure 
7  in  order  to  measure  current  into  the  test  IC  as  well  as  terminal 
current  per  se.  The  observed  peak  current  value  of  approximately  3A 
is  indeed  within  the  expected  failure  range.  Therefore,  based  on  the 
specific  evidence  cited  and  overall  program  test  experience,  it  is 
concluded  that  some  ICs  protected  by  TPDs  did  experience  permanent 
damage,  and  the  permanent  damage  threshold  was  usually  manifested  by 
a  small  change  in  This  criterion  for  permanent  damage  is  used 

in  following  data  tabulations  and  summaries. 
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Table  2 

Electrical  characterization  data  for  test 
units  SN  20  and  SN  23. 

PULSE  POSTPULSE  PARAMETER  VALUE 


IC  SN 

AMPLITUDE 

(A) 

PULSE 

NUMBER 

V 

OH 

(V) 

VOL 

(V) 

1 IH 
(MA) 

1 IL 
(mA) 

20 

Prepulse 

NA 

3.37 

0.095 

1.4 

0.108 

20 

20 

001821 

3.33 

0.095 

1.5 

0.109 

20 

40 

001822 

3.33 

0.095 

1.5 

0.110 

20 

70 

001823 

3.33 

0.095 

1.4 

0.110 

20 

100 

001824 

3.34 

0.094 

1.5 

0.109 

23 

Prepulse 

NA 

3.27 

0.081 

1.1 

0.120 

23 

2 

004208 

3.34 

0.085 

1.1 

0.120 

23 

4 

004209 

3.38 

0.085 

1.2 

0.120 

23 

7 

004210* 

2.75 

0.102 

1.1 

0.120 

*  Most 

device  parameters  indicate 

permanent 

damage 

due  to 

this  pul 

Table  3 

Electrical  characterization  data  for  test 
unit  SN  181. 

PULSE  POSTPULSE  PARAMETER  VALUE 


IC  SN 

AMPLITUDE 

(A) 

PULSE 

NUMBER 

V 

OH 

(V) 

VOL 

(V) 

IIH 
(M  A) 

1 IL 
(mA) 

181 

Pretest 

NA 

3.30 

0.094 

0.4 

0.117 

40 

109101 

3.30 

0.094 

0.4 

0.117 

70 

109102 

3.31 

0.094 

0.4 

0.117 

100 

109103 

3.31 

0.094 

0.4 

0.117 

120 

109104 

3.24 

0.093 

0.4 

0.121* 

70 

109105 

3.28 

0.093 

0.4 

0.113 

100 

109106 

3.27 

0.081 

0.8 

0.484** 

Indication  of  permanent  damage  threshold. 
*  Confirmation  of  permanent  damage. 
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The  permanent  damage  threshold  defined  in  the  preceding  paragraph 
might  also  be  referred  to  as  an  "incipient  failure"  threshold.  The 
increased  value  of  IrL  measured  subsequent  to  pulse  number  109104  was 
still  well  within  the  specified  maximum  of  0.180  mA  such  that  this 
unit  did  not  experience  true  functional  failure  at  this  pulse  level. 
However,  at  a  somewhat  lower  amplitude  pulse  later  in  the  test  sequence, 
the  unit  did  experience  true  failure  with  respect  to  specified  elec¬ 
trical  characteristics. 


4.2  DATA  SUMMARY 

Tables  4-11  are  summaries  of  laboratory  transient  data  for  the  ten 
samples  of  the  eight  test  groups  (positive  and  negative  pulse  testing  I 

of  four  test  configurations).  As  noted  in  the  preceding  section  in  the  , 

discussion  of  typical  data,  the  "highest  pass  level"  and  "lowest 
failure  level"  pertain  to  the  successive  pulses  which  bracket  the  true 
failure  threshold.  Obviously,  there  are  no  data  entries  in  the 
"lowest  failure  level"  columns  where  the  100A  laboratory  pulser  limit 
was  insufficient  to  cause  IC  or  TPD  damage.  The  current  and  voltage 
values  given  in  Tables  4-11  are  simple  "eyeball"  averages  of  oscillo¬ 
scope  data  (such  as  that  illustrated  in  Figures  9  and  10)  wherein 
obvious  inductive  contributions  have  been  excluded  from  the  averaging 
procedure;  average  resistance  and  average  power  are  merely  the  quotient 
and  product  of  average  voltage  and  average  current,  respectively.  More 
accurate  operations  on  transient  data  are  not  deemed  useful  in  view  of 
the  coarse  resolution  of  failure  threshold,  or  necessary  because  of 

I 

j* 
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Table 


Table 


Table 


Summary  of  laboratory  test  data 


SECTION  5.0 

COMBINED  ENVIRONMENT  TESTS 


5.1  TEST  FACILITY  AND  EXPERIMENTAL  CONFIGURATION 

The  combined  environment  tests  were  conducted  at  DNA's  Blackjack 
3  facility  over  a  4-week  period  from  16  February  1981  to  14  March  1981. 
This  facility  is  operated  by  Maxwell  Laboratories,  Inc.,  in  San  Diego, 
California.  A  complete  description  of  facility  operating  characteris¬ 
tics  and  support  capabilities  is  given  in  Reference  8. 

The  test  circuit  enclosure  and  pulser  enclosure  were  oriented  and 
positioned  as  shown  by  Figure  12  to  get  the  maximum  uniform  dose  on 
the  test  circuits  (Figure  8)  and  pulser  active  region  (Figure  4).  The 
experimental  goal  was  to  obtain  5000  rads(Si)  in  the  test  circuits 


Figure  12.  Orientation  of  test  packages  at  Blackjack  3. 
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and  1000  rads(Si)  in  the  pulser;  however,  it  was  recognized  that  these 
prompt  dose  levels  might  not  he  achievable  in  Blackjack  3  since  the 
enclosures  had  not  been  designed  specifically  for  this  facility. 

The  instrumentation  cables  shown  in  Figure  12  were  routed  through 
the  4-inch  diameter  solid  conduit  which  runs  from  the  exposure  region 
to  the  shielded  instrumentation  room.  Approximately  90-foot  lengths  of 
RG-214/U  were  used  for  both  signal  and  bias  cables.  The  pulse  response 
for  this  cable  length  and  type  was  checked  by  observing  pulses  trans¬ 
mitted  from  the  block  house  to  the  screen  room;  typical  results  are 
illustrated  in  Figure  13. 


S  :  i  V  div 

V 

S  :  20  ns  div 


Figure  13.  Pulse  response  of  instrumentation  cable. 

Because  of  the  need  to  position  the  experiment  enclosures  very 
close  to  the  bremsstrahlung  source  region  (actually  within  the 
cylindrical  portion  of  the  machine  access  door  as  shown  in  Figure  12), 
it  was  not  possible  to  use  a  Faraday  cage  as  recommended  by  many  flash 
x-ray  test  facilities.  Moreover,  it  was  not  feasible  to  shield  the 
exposed  cable  ends  between  the  test  enclosures  and  conduit  because  of 
the  necessity  to  disconnect  all  cables  and  remove  test  enclosures  (to 
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provide  access  to  test  ICs  and  TPDs)  after  each  shot.  However,  these 
limitations  did  not  result  in  an  excessively  noisy  experimental  con¬ 
figuration  for  the  current  and  voltage  measurement  levels  of  interest. 


Bias  supplies  ( 5V  for  ICs,  30V  for  PIN  detector  and  10  kV  for 
charged-line  pulser)  and  recording  oscilloscopes  (two  Tektronix  Model 
7844s)  were  located  in  the  facility  screen  room  and  operated  in  close 
coordination  with  facility  diagnostic  instrumentation.  The  recording 
oscilloscopes  were  triggered  by  a  facility  fiducial  mark  which  normally 
precedes  the  prompt  radiation  pulse  by  about  150  ns. 

5.2  DOSIMETRY 

Experiment  dosimetry  was  primarily  a  Kaman  Sciences  Corporation 
responsibility.  The  thermoluminescent  dosimeter  ( TLD )  system  in  use 
at  KSC  consists  of  encapsulated  LiF  powder,  a  Madison  Research  Model 
120  BMR  reader,  and  a  J.  L.  Shepard  and  Associates  Mark  IV  Model  B 
CS-137  calibration  source.  Prior  to  this  experiment,  standard  methods 
described  in  Reference  9  were  used  to  calibrate  the  system  in  terms  of 
rads(LiF).  A  conversion  factor  of  2.6  was  then  applied  to  convert 
from  measured  rads(LiF)  to  equivalent  rads(Si)  for  the  Blackjack  3 
spectrum;  this  conversion  factor  is  based  on  deposition  analyses  using 
the  DTF  photon  transport  code  and  a  spectrum  virtually  identical  to 
the  calculated  bremsstrahlung  spectrum  given  in  Reference  8. 

As  part  of  the  facility  services.  Maxwell  Laboratories  provided 
calorimetric  data  from  shots  3767,  3843  and  3844.  They  employ  Ta 
calorimeters  and  use  a  factor  of  20  to  convert  from  measured 
cal/gm{Ta)  to  equivalent  krads(Si).  The  calorimeters  were  posi¬ 
tioned  on  the  machine  centerline  and  approximately  four  inches  from 
the  bremsstrahlung  converter.  This  axial  distance  was  selected  to 
provide  about  the  same  spacing  from  the  source  region  as  the  test 
ICs  and  TPDs.  TLDs  were  distributed  in  close  proximity  to  the  two  Ta 
calorimeters  and  exposed  to  very  nearly  the  same  prompt  dose.  Table 
12  is  a  comparative  summary  of  calorimetry  and  TLD  results;  these 


Table  12 

Results  of  calorimetry  shots. 


SHOT  NO. 

FACILITY 

cal/gm(Ta) 

CALORIMETRY 

rads(Si) 

3767 

0.18 

3600 

3843 

0.182 

3640 

0.169 

3380 

3844 

0.176 

3520 

0.172 

3440 

KAMAN  TLD 
rads(Si) 


4250 

3550 

3250 

4200 

3900 

4650 

3900 

4600 

3625 

3350 

3750 

4150 

3950 

3450 


data  are  in  excellent  agreement  and  provide  a  sound  basis  for  reliance 
on  the  TLD  data  which  were  acquired  thoughout  the  test  series. 

Approximately  100  TLDs  were  irradiated  during  the  series  of  68 
data  shots.  The  pattern  and  locations  were  varied  in  order  to  examine 
shot-to-shot  repeatability  and  spatial  variation  over  the  test  ICs  and 
pulser  SCR  assembly.  Complete  results  are  given  in  Table  13  for  the 
test  circuit  measurements  and  in  Table  14  for  the  pulser  measurements. 
TLD  location  terminology  is  as  defined  by  Figure  14  where  the  outermost 
locations  coincide  with  the  boundary  of  the  active  test  region  of  each 
circuit  board;  the  pattern  is  relative  to  a  viewer  facing  the  machine 
output. 

In  addition  to  LiF  TLD  and  Ta  calorimetry,  a  PIN  diode  signal  was 
recorded  on  each  shot  to  monitor  the  radiation  pulse  shape.  This  dose 
rate  detector  was  supplied  by  KSC  and  located  in  the  pulser  enclosure 
directly  behind  the  SCR  stack  assembly.  The  intent  was  to  monitor 
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Table  13 

Test  circuit  TLD  readings 


SHOT 

NO. 

TLD 

LOCATION 

DOSE  IN 
rads (Si ) 

SHOT 

NO. 

TLD 

LOCATION 

DOSE  IN 
rads (Si 

3768 

U 

2450 

3801 

U 

3200 

L 

1775 

L 

2575 

Rt 

2825 

3771 

U 

2700 

Lt 

3000 

L 

2300 

C 

3100 

3772 

U 

2250 

3804 

ULt 

2375 

L 

1925 

URt 

2075 

LLt 

1975 

3773 

U 

2475 

LRt 

1600 

L 

1900 

C 

2250 

3777 

U 

2775 

3807 

C 

3750 

L 

2125 

C 

3425 

C 

3200 

3778 

U 

3350 

L 

2500 

3810 

C 

3275 

C 

3250 

3782 

U 

2575 

C 

3275 

L 

2150 

3812 

C 

2900 

3788 

U 

3425 

C 

2925 

L 

2850 

C 

2750 

3793 

U 

2925 

3817 

Lt 

2425 

L 

2625 

C 

2200 

Rt 

2025 

3796 

U 

2675 

L 

2650 

3821 

U 

3275 

c 

2900 

3798 

Rt 

2575 

L 

2675 

Lt 

2850 

3824 

Lt 

3050 

3799* 

U 

6100 

C 

2700 

L 

4300 

Rt 

2550 

Rt 

3700 

Lt 

— 

3828 

C 

2700 

C 

7100 

C 

2500 

c 

2650 

3838 

Lt 

2775 

C 

2975 

*  No 

kevlar  on 

this  shot; 

C 

2750 

one 

damaged  TLD. 

Rt 

3100 
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Table  14 


readings 

for  pulser 

SCR  assembly 

SHOT 

TLD 

DOSE  IN 

NO. 

LOCATION 

rads(Si) 

3768 

U 

515 

L 

743 

3769 

0 

601 

L 

677 

3770 

U 

495 

L 

482 

3785 

Rt 

440 

Lt 

780 

L 

525 

3789 

Rt 

340 

Lt 

330 

3840 

ULt 

825 

URt 

835 

LLt 

790 

LRt 

845 

3815 

ULt 

825 

URt 

743 

LLt 

1089 

LRt 

1106 

3841 

ULt 

7  76 

URt 

792 

LLt 

1188 

LRt 

1040 

3842 

ULt 

1491 

URt 

1411 

LLt 

1331 

LRt 

1225 
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Figure  14.  Identification  of  TLD  locations. 

shot-to-shot  repeatability  and  therefore,  no  effort  was  made  to  cali¬ 
brate  this  detector  relative  to  calorimetry  or  TLD.  Figure  15  is  a 
selected  comparison  of  high,  nominal  and  low  shots. 

Several  observations  can  be  made  from  the  data  presented  in  Tables 
13  and  14  and  Figure  15: 

(1)  Both  IC  prompt  dose  and  pulser  prompt  dose  levels  are  some¬ 
what  less  than  the  goal  of  5000  rads(Si)  and  1000  rads(Si), 
respectively. 

(2)  Prompt  dose  output  at  a  given  location  is  subject  to  consid¬ 
erable  shot-to-shot  variation;  this  is  probably  due  more  to 
beam  wander  than  to  actual  variation  of  machine  electrical 
operation. 

(3)  There  is  a  noticeable  dose  spatial  variation  on  both  of  the 
test  boards  due  to  the  off-axis  positioning  of  the  test 
enclosures.  The  higher  dose  levels  are  on  the  upper  portion 
of  the  test  circuit  board  because  of  its  position  below 
machine  centerline,  and  on  the  lower  portion  of  the  pulser 
SCR  assembly  because  of  its  position  above  machine  center- 
line. 
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Figure  15.  Typical  outputs 


Shot  No.  j'77S 


S , , :  0.2  A/ <i  i  v 

5 1)  ns/ a  iv 


Snot  No.  3833 


S 

S 


v: 

u  • 


0.2  A  0  1  v 
5  0  n  s .  d  i  v 


Shot  No.  3836 


S^:  0.2  A/div 

S  :  5  0  ns'div 

n 


PIN  diode  monitor 


(4)  Shot  number  3842  was  with  the  pulser  enclosure  positioned 
on  machine  centerline  and  about  2  inches  closer  to  the 
converter;  this  shot  was  made  to  evaluate  pulser  operation 
for  a  prompt  dose  higher  than  the  experiment  operating 
level . 

(5)  The  PIN  diode  data  are  in  general  agreement  with  Table  14 
in  that  these  data  also  show  that  some  shots  may  be  as 
low  as  60-70  percent  of  a  good  shot. 

The  overall  implications  of  the  above  comments  are  not  partic¬ 
ularly  severe  in  view  of  the  objectives  of  the  test  program.  The 
pulser  functioned  satisfactorily  although  response  time  would  have 
been  somewhat  faster  for  a  higher  prompt  dose.  A  prompt  dose  of 
3500  rads(Si)  is  equivalent  to  a  peak  dose  rate  of  about  7  x  lO10 
rads(Si)/s  which  is  sufficient  to  produce  intense  ionization  of 
test  ICs  and  TPDs. 

5.3  TEST  PROCEDURE  AND  RESULTS 

The  4-channel  radiation-triggered  pulser  described  in  Section  3 
was  used  for  all  of  the  combined  environment  testing.  This  pulser 
was  designed  to  operate  over  a  charging  voltage  range  from  1-10  kV 
which  corresponds  to  a  current  range  from  10-100A  into  a  matched 
50-ohm  load.  High-voltage,  20  dB  matched  attenuators  were  inserted 
in  the  coaxial  lines  between  the  pulser  and  test  circuits  to  extend 
the  current  range  down  to  1A  as  required  for  some  test  configurations. 

The  increments  of  the  step-stress  sequence  were  selected  to  be 
somewhat  larger  than  for  the  laboratory  tests  because  of  the  need  to 
minimize  test  facility  time  and  shot  requirements.  It  was  possible 
to  take  this  approach  since  burnout  failure  threshold  data  were  already 
available  from  the  baseline  laboratory  tests. 
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Eight  wideband  data  channels  would  have  been  required  to  com¬ 
pletely  characterize  terminal  current  and  voltage  response  for  the 
four  circuits  subjected  to  a  combined  environment  on  each  test  facility 
shot.  However,  because  of  program  funding  constraints  and  logistical 
problems  associated  with  set  up  and  operation  of  eight  oscilloscope 
channels  at  a  rental  facility,  the  test  was  conducted  with  four  data 
channels  provided  by  two  Tektronix  Model  7844  oscilloscopes.  This  was 
not  a  major  limitation  since  prior  laboratory  testing  had  demonstrated 
several  things  which  relieve  the  requirement  for  complete  transient 
response  data: 

(1)  Transient  data  are  not  useful  for  failure  assessment. 

(2)  Terminal  voltage  does  not  vary  significantly  from  unit-to- 
unit  at  the  same  injection  level. 

(3)  Terminal  current  can  in  general  be  calculated  from  measured 
current  and  known  operating  conditions;  in  particular,  at 
higher  injection  levels,  current  is  a  function  of  charging 
voltage  only. 

The  four  available  data  channels  were  used  to  record  all  four  terminal 
currents,  all  four  terminal  voltages  or  a  mixture  of  currents  and 
voltages.  Figure  16  is  an  example  of  terminal  current  data  for  two 
different  test  ICs,  Figure  17  is  an  example  of  terminal  voltage  data 
for  two  different  test  ICs,  and  Figure  18  is  an  example  of  current  and 
voltage  data  for  the  same  test  IC. 

Toward  the  latter  part  of  the  test  series,  the  test  circuit  con¬ 
figuration  was  temporarily  modified  to  provide  injection  levels  much 
higher  than  100A.  This  modification  consisted  of  summing  outputs  from 
two  pulser  channels  into  a  single  test  terminal  (referred  to  Figure  7, 
the  summing  point  was  on  the  test  unit  side  of  termination  resistor  R2 
such  that  each  charged-line  pulser  was  still  properly  terminated). 


52 


Figure  18.  Example  of  terminal 
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Trace : 
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V 
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Terminal  Voltage 
for  Unit  SN  121 

V 

45  V/div 

V 

20  ns/div 

Remarks : 

V’ 

Charge  line 


current  and  voltage  data. 


A  total  of  96  ICs  (12  units  in  each  of  the  eight  test  configura¬ 
tions  described  in  Section  2  and  depicted  in  Figure  2)  was  tested  in 
the  series  of  68  good  data  shots.  Tables  15-22  are  summaries  of  com¬ 
bined  environment  failure  data  which  are  analagous  to  the  laboratory 
data  given  in  Tables  4-11.  Because  of  the  lack  of  complete  transient 
data  instrumentation,  only  about  one-half  of  the  tabulated  current  and 
voltage  data  are  actual  measurements;  other  values  were  estimated  from 
very  similar  tests  or  calculated  in  accordance  with  the  method  outlined 
in  Section  4.  Also,  as  discussed  in  considerable  detail  in  Section  4, 
failure  determinations  were  made  from  electrical  characterization  data 
taken  before  and  after  each  combined  environment  exposure.  Procedures 
and  equipment  for  the  combined  environment  electrical  tests  were 
identical  to  those  for  the  baseline  laboratory  tests. 
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Table  15 


ues;  all  others  calculated  or  estimated  from  similar  tests 


Measured  values;  all  others  calculated  or  estimated  from  similar  tests 


Measured  values;  all  others  calculated  or  estimated  from  similar  tests 


TABLE  20 


Measured  values;  all  others  calculated  or  estimated  from  similar  tests 


Measured  values;  all  others  calculated  or  estimated  from  similar  tests 


Measured  values;  all  others  calculated  or  estimated  from  similar  tests 


SECTION  6.0 
DATA  ANALYSIS 


As  noted  in  the  presentation  and  discussion  of  example  data  given 
in  Section  4,  true  failure  threshold  of  a  particular  test  unit  lies 
somewhere  between  the  highest  pass  level  and  lowest  failure  level. 

The  levels  developed  from  this  program  are  fairly  widely  separated 
because  of  the  impracticality  of  employing  small  pulse  increments  in 
a  program  which  encompassed  almost  200  pieceparts.  A  straightforward 
average  of  pass  and  failure  levels  appears  to  be  the  most  reasonable 
approximation  to  true  failure  parameters;  in  equation  form,  this 
procedure  can  be  written  as 

„  _  XHPLi  +  XLFLi 

x  -  l  /  ) 

2 

t  h 

where  X_.  is  the  failure  parameter  of  interest  for  the  i  test  unit. 

r  1 


For  comparison  purpose,  statistical  averages  are  of  much  greater 
significance  than  failure  data  for  single  test  units.  Mean  and 
standard  deviation  parameters  can  be  readily  calculated  for  some  of 
the  test  groups  from  the  standard  formulas 

n 


X 


F 


(8) 


and 


1 

n-1 


(9) 


where  n  is  the  number  of  samples  in  the  test  group  under  evaluation. 


Table  23  gives  the  results  of  the  above  statistical  operations  on 
data  summarized  in  Tables  4,  6,  8,  10,  15,  17,  19  and  21.  In  a  few 
cases  where  equation  (7)  was  not  applicable  because  failure  occurred 
on  the  first  test  pulse,  the  lowest  failure  level  was  used  in  the 
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Negative  pulse  on  TIL  output  Table  n  4.7  K6  0.35  165  120 

with  ionizing  radiation. 


statistical  calculations;  this  procedure  would  not  be  expected  to 
bias  the  calculations  significantly.  For  each  of  the  four  unique 
test  conditions  covered  by  Table  23,  the  data  show  that  ICs  are  less 
susceptible  to  burnout  in  a  combined  environment  than  in  a  conducted 
current  only  environment.  The  increased  tolerances  are  noticeable  in 
both  mean  failure  current  and  mean  failure  power,  but  the  differences 
are  not  large  relative  to  the  standard  deviations  in  these  parameters. 

In  general,  data  for  test  configurations  which  included  TPDs  are 
not  amenable  to  statistical  analyses  since  very  few  or  no  failures 
were  induced;  observations  and  conclusions  are  still  important  but 
necessarily  of  a  more  qualitative  nature.  For  example,  consider 
Tables  9  and  20  for  negative  pulse  injection  on  the  TTL  input  ter¬ 
minal;  approximately  one-half  of  the  ICs  exhibited  functional 
degradation  for  laboratory  injection  levels  in  the  70-100A  range, 
whereas  all  12  units  passed  combined  environment  levels  up  to  120A 
and  all  six  of  the  six  units  tested  survived  a  240A  injection  level. 

In  terms  of  the  quantitative  methodology  represented  by  equation  (6), 
the  increase  in  TPD  effectiveness  is  given  by 

Itp(7V0) 

DM(7^0)  -  DM (7  =  0  )  =  20  log  f  -  (J 

TF 

in  >  240A  ,, ^ , 

20  l0g  =  100A  (10) 

>_  7  dB. 

For  all  other  testing  with  TPDs  in  place,  there  were  no  failures  for 
either  laboratory  or  combined  environment  tests  and  hence,  no  basis 
for  numerical  evaluation. 

TPDs  may  be  more  effective  in  a  combined  environment  for  the 
simple  reason  that  ionized  ICs  are  less  susceptible  to  burnout  as 
suggested  by  Table  23.  It  is  worthwhile,  however,  to  examine  typical 
data  to  gain  some  further  insight  into  the  overall  problem.  Figure 
19  shows  data  taken  with  the  modified  instrumentation  configuration 
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Test  Shot  3837 
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19.  Combined  environment  transient  data  with  modified 
pulser  and  test  instrumentation. 


(Figure  7)  that  provided  for  measurement  of  IC  current  as  well  as  cir¬ 
cuit  terminal  current.  From  Figure  19  and  similar  laboratory  data 
presented  in  Figure  11,  it  is  apparent  that  parasitic  inductance 
associated  with  the  TPD  was  sufficient  to  cause  a  significant  voltage 
overshoot  of  the  normal  clamping  level  and  a  corresponding  transient 
current  into  the  IC  under  test.  The  significant  aspect  is  that  the 
resultant  current  pulse  was  narrower  than  the  ionizing  radiation  pulse 
and  consequently,  the  test  IC  would  have  been  heavily  ionized  for  the 
entire  duration  of  the  current  pulse.  This  is  in  contrast  to  the 
testing  performed  without  TPDs  where  the  100  ns  current  pulse  width 
was  about  twice  the  radiation  pulse  width  at  half-maximum  intensity. 
Thus,  it  is  plausible  for  the  difference  between  combined  environment 
and  laboratory  failure  thresholds  for  TPD  circuit  configurations  to  be 
greater  than  the  difference  between  protected  piecepart  failure  thres¬ 
holds. 

It  is  to  be  noted  that  no  TPD  functional  degradation  was  noted  in 
any  of  the  laboratory  or  combined  environment  tests.  Hence,  this 
experimental  work  and  related  data  evaluation  and  interpretation  per¬ 
tain  to  susceptible  devices  protected  by  TPDs  rather  than  TPDs  them¬ 
selves  . 
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SECTION  7.0 

CONCLUSIONS  AND  RECOMMENDATIONS 


This  program  involved  development  of  an  experimental  procedure  in 
addition  to  acquisition  of  test  data.  Since  these  objectives  have 
considerably  different  evaluation  criteria,  program  conclusions  and 
recommendations  are  presented  in  two  distinct  categories. 

7.1  EXPERIMENTAL  PROCEDURE 

The  most  important  program  conclusions  pertinent  to  the  experi¬ 
mental  procedure  are  itemized  in  the  following  paragraphs: 

(1)  The  radiation-triggered  charged-line  pulser  is  a  viable 
design  approach.  It  can  provide  multiple  output  current 
pulses  delayed  by  15  ns  or  more  from  the  leading  edge  of 

a  prompt  ionizing  radiation  pulse.  By  appropriate  summing 
of  outputs,  the  peak  amplitude  can  be  extended  from  a 
nominal  100A  limit  to  several  hundred  amperes.  A  minimum 
dose  of  1000  rads(Si)  is  required  to  effect  fast,  depen- 
able  operation  of  the  SCR  switches. 

(2)  For  pulse  tests  performed  with  a  nominal  50-ohm  source 
impedance  pulser,  transient  data  are  not  reliable  damage 
indicators  for  even  relatively  simple  ICs;  that  is, 
terminal  current  and  voltage  data  for  pulsed  ICs  do  not 
show  abrupt  changes  at  the  permanent  damage  threshold 
similar  to  what  has  frequently  been  observed  for  discrete, 
high-voltage  junctions. 

(3)  Permanent  damage  threshold  is  not  always  clearly  defined 
from  a  limited  set  of  IC  electrical  characterization  data. 
There  are  sometimes  subtle  changes  in  dc  characteristics 
which  are  indicators  of  incipient  failure.  While  the  subtle 
changes  are  not  significant  with  respect  to  IC  performance 
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characteristics,  they  are  very  important  in  that  they 
indicate  the  unit  under  test  is  likely  to  be  much  more 
severely  degraded  for  a  subsequent  pulse  at  the  same  or 
even  lower  level.  It  is  also  significant  to  note  that  the 
most  sensitive  damage  indicators  are  not  necessarily 
associated  with  the  pulsed  terminal. 

(4)  X-ray  output  from  the  Blackjack  3  test  facility  is  marginal 
for  multiple  unit  combined  environment  testing  unless  the 
pulser  assembly  and  test  devices  are  very  compactly  packaged. 
A  higher  output  facility  such  as  AURORA  operated  by  Harry 
Diamond  Laboratories  in  Silver  Spring,  MD,  Gamble  II  operated 
by  the  Naval  Research  Laboratories  in  Washington,  D.C., 

HERMES  II  operated  by  Sandia  Laboratories  in  Albuquerque, 

N.M. ,  VULCAN  operated  by  TRW  Systems  Group  in  Redondo  Beach, 
CA. ,  or  the  Model  1150  Pulserad  operated  by  Physics  Inter¬ 
national  Company  in  San  Leandro,  CA. ,  is  required  to  achieve 
prompt  dose  levels  more  representative  of  the  maximum  threat 
for  current  military  systems. 

Recommendations  in  regard  to  experimental  procedure  for  future 
similar  work  depend  on  specific  program  requirements.  Clearly,  the 
test  facility  must  be  carefully  chosen  to  achieve  the  necessary  prompt 
dose  levels.  In  addition,  electrical  characterization  must  be 
sufficiently  complete  (perhaps  including  ac  in  addition  to  dc  measure¬ 
ments)  to  detect  incipient  failure  thresholds.  It  would  be  highly 
desirable  to  test  to  failure  in  all  configurations  even  through  this 
could  require  a  capability  in  excess  of  several  hundred  amperes.  Some 
consideration  should  be  given  to  utilization  of  laboratory  data  to 
select  the  most  susceptible  test  configurations,  and  then  limiting 
combined  environment  testing  to  only  those  configurations. 
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7.2  TEST  RESULTS 


For  ICs  tested  without  TPDs,  there  are  two  significant  conclusions 

(1)  Current  and  power  failure  thresholds  are  slightly  higher  for 
a  combined  environment  than  for  a  laboratory  environment 
(that  is,  conducted  current  only)  for  all  four  test  config¬ 
urations  (positive  and  negative  polarity  pulser  on  IC  input 
and  output  terminals).  These  differences  in  thresholds  are 
discernible  but  relatively  small  compared  to  associated 
standard  deviations.  Table  23  in  the  immediately  preceding 
section  provides  a  succinct  summary  of  the  relevant  failure 
data. 

(2)  Both  current  and  power  failure  thresholds  are  closely 
grouped  around  respective  mean  values.  This  unusually 
close  grouping  is  probably  due  to  selection  of  all  test 
ICs  with  the  same  manufacturer's  date  code. 

Program  conclusions  relative  to  test  results  for  TPD  configura¬ 
tions  are  somewhat  incomplete  because  of  a  limited  number  of  failures; 
the  simple  terminal  protection  network  designed  especially  for  this 
program  provided  a  comparatively  high  degree  of  IC  protection.  For 
the  one  test  configuration  (negative  polarity  pulse  on  the  IC  input 
terminal)  where  a  few  IC  failures  were  induced,  the  results  indicate 
that  TPDs  are  more  effective  (by  a  current  margin  of  at  least  7  dB) 
in  a  combined  environment  than  in  a  laboratory  environment.  It  should 
be  emphasized  that  this  conclusion  is  based  on  limited  data  and  does 
not  have  the  statistical  significance  of  the  IC  failure  data. 

However,  there  are  no  data  from  this  program  to  indicate  unexpected 
responses  or  interactions  or  to  suggest  that  TPDs  are  less  effective 
in  a  combined  environment. 
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A  final  point  should  be  made  relative  to  failure  of  ICs  protected 
by  TPDs.  Practical  considerations  and  test  data  strongly  indicate 
that  failure  is  due  to  test  circuit  parasitic  elements  which  cause 
the  protected  IC  to  be  subjected  to  severe  nonideal  transient  con¬ 
ditions.  Consequently,  test  results  and  conclusions  are  really  valid 
only  for  the  particular  test  circuits  evaluated.  The  corollary  is 
that  if  a  particular  system  design  is  to  be  evaluated,  the  test 
article  should  be  the  candidate  design  including  circuit  layout  and 
packaging  detail. 
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ATTN 

Code  6612,  R.  Statler 

ATTN 

OP  985F 

ATTN 

Code  6813,  W.  Jenkins 

ATTN 

Code  6816,  R.  Hevey 

Strategic  Systems  Project  Office 

ATTN 

Code  6610,  R.  Marlow 

ATTN 

NSP-230,  D.  Gold 

ATTN 

Code  6680,  D.  Nagel 

ATTN 

NSP-27334 ,  B.  Hahn 

ATTN 

Code  6683,  C.  Dozier 

ATTN 

NSP-2430,  J.  Stillwell 

ATTN 

Code  6682,  D.  Brown 

ATTN 

NSP-27331,  P.  Spector 

ATTN 

Code  6611,  A.  Campbell 

ATTN 

NSP-2701,  J.  Pitsenberger 

ATTN 

Code  6816,  G.  Davis 

ATTN 

Code  6815,  D.  Patterson 

DEPARTMENT 

OF  THE  AIR  FORCE 

ATTN 

Code  6680,  D.  Nagel 

ATTN 

Code  6814,  D.  McCarthy 

Aeronautical  Systems  Division 

ATTN 

Code  6816,  R.  Lambert 

ATTN 

ASD/ENESS,  P.  Marth 

ATTN 

Code  6601,  E.  Wol icki 

ATTN 

ASD/ENACC,  R.  Fish 

ATTN 

Code  6673,  A.  Knudson 

ATTN 

ASD/YH-EX,  J.  Sunkes 

ATTN 

Code  6611,  J.  Ritter 

ATTN 

ASD/ENTV,  L.  Robert 

ATTN 

Code  6810,  J.  Davey 

ATTN 

Code  6600,  J.  Schriempf 

Air  Force  Aeronautical  Lab 

ATTN 

Code  6813,  0.  Killiany 

ATTN 

LTE 

ATTN 

Code  4040,  J.  Boris 

ATTN 

LPO  R.  Hickmott 

ATTN 

Code  6701 

ATTN 

Code  6816,  H.  Hughes 

Air  Force  Avionics  Laboratory 

ATTN 

Code  2627 

ATTN 

H.  Hennecke 

ATTN 

Code  6611,  L.  August 

ATTN 

Code  6612,  G.  McLane 

Air  Force  Geophysics  Laboratory 

ATTN 

Code  6653,  A.  Nameson 

ATTN 

PHG,  M/S  30,  E.  Mullen 

ATTN 

SULL 

Naval 

Surface  Weapons  Center 

ATTN 

SULL,  S- 29 

ATTN 

Code  WA-52,  R.  Smith 

ATTN 

PLIG,  R.  Filz 

ATTN 

F31,  J.  Downs 

ATTN 

Code  F31 

Air  Force  Institute  of  Technology 

ATTN 

Code  F31,  K.  Caudle 

ATTN 

ENP,  J.  Bridgeman 

ATTN 

Code  F30 

ATTN 

Code  F31,  F.  Warnook 

Air  Force  Systems  Command 

ATTN 

DLW 

Naval 

Surface  Weapons  Center 

ATTN 

DLCAM 

ATTN 

Code  G-35,  W.  Holt 

ATTN 

XRLA 

Naval 

Weapons  Center 

Air  Force  Technical  Applications  Ctr 

ATTN 

Code  233 

ATTN 

TAE 

Naval 

Weapons  Evaluation  Facility 

Air  Force  Weapons  Laboratory 

ATTN: Code  AT-6 

ATTN 

NTYCT,  J.  Hull  is 

ATTN 

NTYC ,  J.  Ferry 

Naval 

Weapons  Support  Center 

ATTN 

NTYCT,  R.  Tallon 

ATTN 

Code  6054,  0.  Platteter 

ATTN 

NTYC 

ATTN 

Code  3073,  T.  Ellis 

ATTN 

STET 

ATTN 

Code  70242,  J.  Munarin 

ATTN 

NTYEE ,  C.  Baum 

ATTN 

Code  7024,  J.  Ramsey 

ATTN 

SUL 

ATTN 

NTYC,  R.  Maier 

ATTN 

NTYC,  M.  Schneider 
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Air  Force  Wright  Aeronautical  Lab 
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ATTN 

POE-2,  J.  Wise 

ATTN 

AQT,  S.  Hunter 

ATTN 

POD,  P.  Stover 

ATTN 

AQM 

ATTN 

YB 

Air  Force  Wright  Aeronautical  Lab 

ATTN 

YD 

ATTN 

DHE 

ATTN 

YE 

ATTN 

DHE-2 

ATTN 

YG 

ATTN 

TEA,  R.  Conklin 

ATTN 

YGJ,  R.  Davis 

ATTN 

DH,  J.  McKenzie 

ATTN 

YK 

ATTN 

TEA 

ATTN 

YKA,  C.  Kelly 

ATTN 
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ATTN 

Lt  Welz 

ATTN 
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ATTN 

YLVM,  J.  Tilley 

ATTN 
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YLS ,  L.  Darda 

ATTN 

MMGRW,  G.  Fry 

ATTN 

YL 

ATTN 

MMEDD 

ATTN 
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ATTN 

MMIFM,  S.  Mallory 

ATTN 

YN 

ATTN 

MMETH,  R.  Blackburn 

ATTN 

YO 

ATTN 

A.  Cossens 

ATTN 

YR 

ATTN 

YV 

Air  University  Library 

ATTN 

AUL-LSE 

Strategic  Air  Command 

ATTN 

NRI-STINFO  Library 

Tactical  Air  Command 

ATTN 

XPFS ,  M.  Carra 

ATTN 

XPG 

3416th  Technical  Training  Squadron,  ATC 

Ballistic  Missile  Office 

ATTN 

TTV 

ATTN 

ENSN,  H.  Ward 

DEPARTMENT  OF  ENERGY 

Ballistic  Missile  Office 

ATTN 

ENSN,  J.  Tucker 

Department  of  Energy 

ATTN 

ENSN 

Albuquerque  Operations  Office 

ATTN 

ENBE 

ATTN 

WSSB 

ATTN 

Syst,  L.  Bryant 

ATTN 

WSSB,  R.  Shay 

ATTN 

ENMG 

ATTN 

SYDT 

OTHER  GOVERNMENT  AGENCIES 

ATTN 

HQ  Space  Div/Rsmg,  E.  Collier 

ATTN 

ENSN,  M.  Williams 

Central  Intelligence  Agency 

ATTN 

OSWR/STD/MTB,  A.  Padaett 

Electronic 

Systems  Division 

ATTN 

OSWR/NED 

ATTN 

INDO 

ATTN 

OSWR,  T.  Marquitz 

Foreign  Technology  Division 

Department  of  Transportation 

ATTN 

TQTD,  B.  Ballard 

ATTN 

ARD-350 

ATTN 

PDJV 

NASA,  Goddard  Space  Flight  Cntr 

Assistant  Chief  of  Staff 

ATTN 

Code  5301,  G.  Kramer 

Studies  &  Analyses 

ATTN 

Code  724.1,  M.  Jhahvala 

ATTN 

AF/SAMI,  Tech  Info  Div 

ATTN 

Code  654.2,  V.  Danchenko 

ATTN 

Code  701 ,  W.  Redisch 

Rome  Air  Development  Center 

ATTN 

Code  710.2,  D.  Haykin,  Jr 

ATTN 

RBRP,  C.  Lane 

ATTN 

Code  601,  E.  Stassinopoulos 

ATTN 

RBRM,  J.  Brauer 

ATTN 

Code  310,  W.  Womack 

ATTN 

RBR,  C.  Hale 

ATTN 

Code  695,  M.  Acuna 

ATTN 
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Code  311.3,  D.  Cleveland 
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Code  660,  J.  Trainor 
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Code  311A,  J.  Adolphsen 
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ESE,  A.  Kahan 

ATTN 

ESR/ET,  E.  Burke,  M/S  64 

NASA 

ATTN 

ESR,  B.  Buchanan 
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ES02 
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ESR,  W.  Shedd 
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L.  Hamiter 
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ESR,  J.  Bradford 
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H.  Yearwood 

Sacramento  Air  Logistics  Center 
ATTN:  MMEAE,  R.  Oal linger 
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ATTN:  Code  DP,  R.  Karpen 

Department  of  Commerce 

National  Bureau  of  Standards 

ATTN:  Code  A353,  S.  Chappell 
ATTN:  C.  Wilson. 

ATTN:  Code  A327,  H.  Schafft 

ATTN:  T.  Russell 

ATTN:  Code  A347,  J.  Mayo-Wells 

ATTN:  Code  A361,  J.  French 

ATTN:  R.  Scace 

ATTN:  Code  A305,  K.  Galloway 

ATTN:  Code  C216,  J.  Humphreys 

DEPARTMENT  OF  ENERGY  CONTRACTORS 

University  of  California 

Lawrence  Livermore  National  Lab 
ATTN:  L-10,  H.  Kruger 
ATTN:  L-389,  R-  Ott 
ATTN:  Technical  Infor  Dept  Library 
ATTN:  L-156,  J.  Yee 
ATTN:  L-156,  R.  Kalibjian 
ATTN:  L-153,  D.  Meeker 
ATTN:  W.  Orvis 

Los  Alamos  National  Laboratory 
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ATTN : 

0. 

Freed 
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D. 

Wilde 
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Sandia  National  Lab 
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ATTN:  R.  Gregory 
ATTN:  Div  2143,  H.  Weaver 

ATTN:  Div  4232,  L.  Posey 

ATTN:  Div  4232,  G.  Baldwin 

ATTN:  Div  4365,  J.  Renken 

ATTN:  Div  2144,  W.  Dawes 

ATTN:  Div  4360,  J.  Hood 

ATTN:  Div  2143,  H.  Sander 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 

Advanced  Microdevices,  Inc 
ATTN:  J.  Schlageter 
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ATTN:  R.  Armistead 

Advanced  Research  &  Applications  Corp 
ATTN:  A.  Larson 

Aerojet  Electro-Systems  Co 
ATTN:  P.  Lathrop 
ATTN:  D.  Toomb 
ATTN:  SV/8711//0 
ATTN:  D.  Huffman 

Aerospace  Corp 

ATTN:  J.  Reinheimer 

ATTN:  J.  Wiesner 

ATTN:  D.  Fresh 

ATTN:  I.  Garfunkel 

ATTN:  A.  Carlan,  MS  D3/1129 

ATTN:  R.  Slaughter 

ATTN:  H.  Phillips 

ATTN:  R.  Crolius 

ATTN:  W.  Kolasinski 

ATTN:  D.  Schmunk 

ATTN:  J.  Stoll 

ATTN:  W.  Crane,  A2/1083 

ATTN:  V.  Josephson 

ATTN:  S.  Bower 

ATTN:  C.  Huang 

ATTN:  P.  Buchman 

ATTN:  B.  Blake 

ATTN:  G.  Gilley 

Aerospace  Industries  Assoc  of  America,  Inc 
ATTN:  S.  Siegel 

Air  Rsch  Mfg  of  California 
ATTN:  H.  Weil 

Ampex  Corp 

ATTN:  0.  Knutson 
ATTN :  J .  Smi th 

Analytic  Services,  Inc 
ATTN:  a:  Shostak 
ATTN:  J.  O'Sullivan 
ATTN:  P.  Szymanski 

Applied  Systems  Engrg  Director 

ATTN:  J.  Retzler,  Nuc  S/V  Mang 

AVCO  Research  &  Systems  Group 


ATTN: 

D.  Shrader 

ATTN: 

0.  Fann 

ATTN: 

W.  Broding 

ATTN: 

C.  Davis 

Battelle  Memorial  Institute 
ATTN:  R.  Thatcher 
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Charles  Stark  Draper  Lab,  Inc 

ATTN 

C.  Stickley 

ATTN 

1-1.  Dedingfield 

ATTN 

S.  Meth 

ATTN 

R.  Haltmaier 

ATTN 

P..  Ledger 

BDM  Corp 

ATTN 

P.  Greiff 

ATTN 

D.  Wunsch 

ATTN 

A.  Freeman 

ATTN 

R.  Antinone 

ATTN 

W.  Callender 
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ATTN 

J.  Bovle 

ATTN 

A.  Schutz 

Beers  Associates,  Inc 
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Tech  Library 
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B.  Beers 
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D.  Gold 

ATTN 

S.  Ives 
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11.  Tibbetts 

Bell  Labs 

Cincinnati 

Electronics  Corp 

ATTN 

R.  McPartland 

ATTN 

L .  Hammona 

ATTN 

D.  Yaney 

ATTN 

C.  Stump 

Bendix  Corp 
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M.  Frank 
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T .  Frey 
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University  of  Denver 
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ATTN 

MS-2R-00,  E.  Smith 
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MS-81-36,  P.  Blakely 

ATTN 

G.  Hoffman 

ATTN 

M3-81-36,  W.  Doherty 

ATTN 

MS-2R-00,  I.  Arimura 

Dikewood  Corporation 

ATTN 

Tech  Lib  for  L.  Davis 

Boeing  Co 

ATTN 

H.  Wicklein 

E-Svstems . 

Inc 

ATTN 

D.  Egelkrout 

ATTN 

K.  Reis 

ATTN 

R.  Cadwell 

E-Systems. 

Inc 

Booz-Al len 

and  Hami 1  ton ,  Inc 

ATTN 

Division  Library 

ATTN 

R.  Chrisner 

Eaton  Corporation 

Burr-Brown 

Research  Corp 

ATTN 

A.  Anthony 

ATTN 

H.  Smith 

ATTN 

R.  Bryant 

Burroughs  Corp 

Effects  Technology,  Inc 

ATTN 

Product  Evaluation  Laboratory 

ATTN 

E.  Steele 

ATTN 

A.  Hunt 

Cal  ifornia 

Institute  of  Technology 

Jet  Propulsion  Lab 

Electronic 

Industries  Association 

ATTN 

P.  Robinson 

ATTN 

J.  Kinn 

ATTN 

A.  Shumka 

ATTN 

W.  Scott 

Exp  £  Math  Physics  Consultants 

ATTN 

J.  Bryden 

ATTN 

T.  Jordan 

ATTN 

K.  Martin 

ATTN 

W .  Price 

Ford  Aerospace  S  Communications  Corp 

ATTN 

D.  Cadle 

Cal  ifornia 

Institute  of  Technology 
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E.  Hahn 

ATTN 

T.  McGill 
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D.  Newell 
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George  Washington  University 
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Georgia  Institute  of  Technology 
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Technical  Library 
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Honeywel 1 , 

Inc 

ATTN 

D.  Herold.  MS-MU  17-2334 

ATTN 
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ATTN 
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Hughes  Aircraft  Co 
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Jet  Propulsion  Laboratory 

ATTN 
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E.  Kubo 
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Hughes  Research  Laboratories 
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ATTN 
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ATTN 
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ATTN 
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IBM  Corp 

ATTN 

MS  110-036,  F.  Tietze 

John  M.  Kinon 

ATTN 

W.  Doughten 

ATTN 
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A.  Edenfeld 
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N.  Haddad 

Johns  Hopkins  University 

ATTN 

W.  Henley 

ATTN 

P.  Partridge 

ATTN 

H.  Kotecha 

ATTN 

R.  Maurer 

ATTN 

S.  Saretto 

ATTN 

0.  Spencer 

Johns  Hopkins  University 

ATTN 
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Engr 

I IT  Research  Institute 

ATTN 

R.  Sutkowski 

Kaman  Sciences  Corp 

ATTN 

I.  Mindel 

ATTN 

W.  Rich 

ATTN 

J.  Erskine 

Illinois  Computer  Research,  Inc 

ATTN 
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Dir  Science  &  Technology 
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ATTN 
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ATTN 
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T.  Flanagan 

ATTN 
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ATTN: 

W.  Brockett 

ATTN 

M.  Fitzgerald 

ATTN: 

W.  Bruce,  MP-163 

ATTN: 

R.  Gaynor 

Mostek 

ATTN: 

W.  Janocko 

ATTN 

MS  640,  M.  Campbell 

ATTN: 

H.  Cates 

ATTN : 

J.  Ward 

Motorola, 

nc 

ATTN: 

R.  Yokomoto 

ATTN 

A.  Christensen 

ATTN: 

J.  Tanke 

ATTN: 

TIC/MP-30 

Motorola,  Inc 

ATTN: 

P.  Fender 

ATTN 

0.  Edwards 

ATTN: 

S.  Bennett 

ATTN 

C.  Lund 

ATTN 

L.  Clark 

Martin  Marietta  Corp 

ATTN: 

M.  Shumaker 

National  Academy  of  Sciences 

ATTN: 

M.  Polzella,  MS-D6074 

ATTN 

National  Materials 

ATTN: 

G.  Freyer,  D6074 

ATTN: 

E.  Carter 

National  Semiconductor  Corp 

ATTN: 

Goodwin 

ATTN 

F.  Jones 

ATTN: 

Research  Library 

ATTN 

J.  Martin 

ATTN: 

P.  Kase 

ATTN 

A.  London 

Ur.i.ersity  of  Maryland 
ATTN:  H.  Lin 

McDonnell  Douglas  Corp 


ATTN 

ATTN 

ATTN 

ATTN 

ATTN 

ATTN 


R.  Kloster 
A.  Munie 
T.  Ender 
M.  Stich 
Library 
D.  Oohm 


McDonnell  Douglas  Corp 


ATTN 

ATTN 

ATTN 

ATTN 

ATTN 

ATTN 

ATTN 

ATTN 


J.  Imai 
J.  Holmgrem 
D.  Fitzgerald 
P.  Bretch 
P.  Albrecht 
M.  Ral stein 
R.  Lothringer 
M.  Onoda 


McDonnell  Douglas  Corp 

ATTN:  Technical  Library 

Mission  Research  Corp 

ATTN:  II.  Van  Blaricum 
ATTN:  C.  Longmire 

Mission  Research  Corp 


ATTN: 

R. 

Pease 

ATTN: 

D. 

Merewether 

ATTN: 

0. 

Alexander 

ATTN: 

R. 

Turf ler 

University  of  New  Mexico 
ATTN:  H.  Southward 

Norden  Systems,  Inc 

ATTN:  Technical  Library 
ATTN:  D.  Longo 


Northrop  Corp 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 

Northrop  Corp 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 


P.  Eisenberg 
J.  Srour 
Z.  Shanfield 
S.  Othmer 
A.  Bahraman 
A.  Kalma 


E.  King,  C33Z3/WC 
T.  Jackson 
L.  Apodaca 
D.  Strobel 
P.  Gardner 
S.  Stewart 
P.  Besser 


Pacific-Sierra  Research  Corp 

ATTN:  H.  Brode,  Chariman  SAGE 

Raytheon  Co 

ATTN:  H.  Flescher 
ATTN:  A.  Van  Doren 
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Palisades  Inst  tor  Rsch  Services,  Inc  Rockwell  International  Corp 


ATTN:  Secretary 

ATTN 

V. 

Strahan 

ATTN 

K. 

Hull 

Physics  Internationa  1  Co 

ATTN 

J. 

Bell 

ATTN:  J. 

Huntington 

ATTN 

A. 

Rovel  1 

ATTN:  Division  6000 

ATTN 

J. 

Pickel,  Code 

ATTN:  J. 

Shea 

ATTN 

R. 

Pancholy 

ATTN 

C. 

Kleiner 

R&D  Associates 

ATTN 

V. 

Michael 

ATTN:  W. 

Karzas 

ATTN 

V. 

De  Martinn 

ATTN:  C. 

Rogers 

ATTN 

L  • 

Green,  GA50 

ATTN:  P. 

Haas 

ATTN 

j. 

Blandford 

R&D  Associates 

ATT!!:  J.  Bombardt 

Rand  Corp 

ATTN:  C.  Crain 


Raytheon  Co. 


ATTN 

J.  Ciccio 

ATTN 

G.  Joshi 

ATTN 

T.  Wein 

RCA  Corp 

ATTN:  V.  Mancino 

RCA  Corp 

ATTN 

L.  Minich 

ATTN 

Office  N 103 

ATTN 

R.  Snieltzer 

ATTN 

L.  Napoli 

ATTN 

G.  Brucker 

ATTN 

G.  Hughs 

ATTN 

D.  O'Conner 

RCA  Corp 

ATTN 

R.  Killion 

RCA  Corp 

ATTN 

E.  Schmitt 

ATTN 

L.  Oebacker 

ATTN 

W.  Allen 

RCA  Corp 

ATTN 

W.  Heagerty 

ATTN 

J.  SiuitZ 

ATTN 

R.  Magyarics 

ATTN 

E.  Van  Keuren 

Rensselaer  Polytechnic  Institute 
ATTN:  R.  Gutmann 
ATTN:  R.  Ryan 

Research  Triangle  Institute 
ATTN:  M.  Simons 

Rockwell  International 
ATTN:  T.  Yates 
ATTN:  TIC  BA08 

Power  Conversion  Technology,  Inc. 
ATTN:  V.  Fargo 


Rockwell  International  Corp 

ATTN:  TIC  D/41-092  AJ01 
ATTN:  D.  Stevens 

Rockwell  International  Corp 
ATTN:  TIC  106-216 
ATTN:  A.  Langenfeld 


Sanders  Associates,  Inc 


ATTN 

M.  Aitel 

ATTN 

L.  Brodeur 

S..  ience  Applications,  Inc 

ATTN 

R.  Fitzwilson 

ATTN 

V.  Verbinski 

ATTN 

J.  Beyster 

ATTN 

D.  Long 

ATTN 

J.  Naher 

ATTN 

L.  Scott 

ATTN 

J.  Spratt 

ATTN 

D.  Strobel 

ATTN 

D.  Mi  11  era,  MS 

ATTN 

V.  Orphan 

Science  Appl ications ,  Inc 

ATTN 

C.  Cheek 

ATTN 

N.  Byrn 

ATTN 

J.  Swirczynski 

Science  Appl ications ,  Inc 

ATTN 

W.  Chadsey 

ATTN 

J.  Wallace 

Science  Applications ,  Inc 

ATTN 

0.  Strieling 

Scientific 

Research  Assoc, 

ATTN 

H.  Grubin 

Signetics  Corporation 

ATTN 

J.  Lambert 

Sylvania  Systems  Group 

ATTN 

C.  Thornhill 

ATTN 

L .  G 1  a  i  sde  1 1 

ATTN 

W.  Dunnet 

ATTN 

L.  Pauplis 

ATTN 

E.  Motchok 
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Singer  Co 

Teledyne  Brown  Engineering  ! 

ATTN 

Technical  Information  Center 

ATTN 

T.  Henderson 

ATTN 

J.  Laduca 

ATTN 

J.  McSwain 

ATTN 

R.  Spiegel 

ATTN 

D.  Guice 

ATTN 

J.  Brinkman 

Teledyne  Systems  Co 

Sperry  Rand  Corp 

ATTN 

R.  Suhrke  I 

ATTN 

Engineering  Laboratory 

Tetra  Tech 

Inc 

Sperry  Rand  Corp 

ATTN 

T.  Simpson 

ATTN 

P.  Maraffino 

ATTN 

C.  Craig 

Texas  Instruments,  Inc 

ATTN 

R.  Viola 

ATTN 

R.  McGrath  i 

ATTN 

F.  Sea ra vagi ione 

ATTN 

R.  Carroll,  MS  3143  ! 

ATTN 

D.  Manus  , 

Sperry  Rand  Corp 

ATTN 

T.  Cheek,  MS  3143 

ATTN 

D.  Schow 

ATTN 

R.  Stehlin 

ATTN 

F.  Poblenz,  MS  3143 

Sperry  Univac 

ATTN 

E.  Jeffrey,  MS  961 

ATTN 

J.  Inda 

TRW  Electronics  &  Defense  Sector  > 

Spire  Corp 

ATTN 

H.  Holloway  1 

ATTN 

R.  Little 

2  cy  ATTN 

0.  Adams  ) 

ATTN 

R.  Dolan 

2  cy  ATTN 

R.  Plebuch 

ATTN 

A.  Pavel  ko  j; 

SRI  International 

ATTN 

D.  Clement  I 

ATTN 

P.  Dolan 

ATTN 

M.  Ash 

ATTN 

A.  Whitson 

ATTN 

F.  Friedt 

ATTN 

R.  Kingsland 

Sundstrand  Corp 

ATTN 

Technical  Information  Center 

ATTN 

Research  Department 

ATTN 

P.  Gardner 

ATTN 

P.  Guilfoyle 

Sylvania  Systems  Group 

ATTN 

H.  Hennecke 

ATTN 

■C.  Ramsbotton 

ATTN 

J.  Bell 

ATTN 

H8V  Group 

ATTN 

A.  Witteles 

ATTN 

J.  Waldron 

ATTN 

W.  Willis 

ATTN 

H.  Oilman 

ATTN 

W.  Rowan 

ATTN 

P.  Fredrickson 

ATTN 

Vulnerability  &  Hardness  Laboratory 

ATTN 

P.  Reid 

Systron-Donner  Corp 

ATTN 

H.  Volmerange 

ATTN 

J.  Indelicato 

vought  Corp 

TRW  Electronics  8  Oefense  Sector 

ATTN 

R .  1 omme 

ATTN 

C.  Blasnek 

ATTN 

Technical  Data  Center 

ATTN 

J.  Gorman 

ATTN 

Library 

ATTN 

R.  Kitter 

ATTN 

F.  Fay 

Westinghouse  Electric  Corp 

ATTN 

E.  Vitek 

TRW  Systems  and  Energy 

ATTN 

J.  Cricchi 

ATTN 

B.  Gi 1 i 1  land 

ATTN 

N.  Bluzer 

ATTN 

G.  Spehar 

ATTN 

H.  Kalapaca,  MS  3330 

ATTN 

R.  Mathews 

ATTN 

L.  McPherson 

ATTN 

D.  Grimes,  MS  330 

Westinghouse  Electric  Corp 

AITN 

MS  3330 

ATTN 

S.  Wood 

IBM  Corp 

ATTN 

T.  Martin 

ATTN 

Electromagnetic  Compatability 

i 

ATTN 

Mono  Memory  Systems 

i 

ATTN 

H.  Mathers 

> 
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